We demonstrate a novel type of Fourier Transform Spectrometer (FTS) that can be realized with CMOS compatible fabrication techniques. This FTS contains no moving components and is based on the direct detection of the interferogram generated by the interference of the evanescent fields of two co-propagating waveguide modes. The theoretical analysis indicates that this type of FTS inherently has a large bandwidth (>100 nm). The first prototype that is integrated on a Si 3 N 4 waveguide platform is demonstrated and has an extremely small size (0.1 mm 2 ). We introduce the operation principle and report on the preliminary experiments. The results show a moderately high resolution (6 nm) which is in good agreement with the theoretical prediction. 
Introduction
Optical spectrometers have become an indispensable tool in various fields that involve optical spectrum analysis. Its application ranges from biochemical sensing to food quality control and even to astronomical radiation analysis. Among all types of modern spectrometers, the Fourier transform infrared spectrometer (FTIR or FTS) offers important advantages such as a high throughput and the multiplex advantages [1] . In a standard FTIR, all wavelengths are measured simultaneously in a large series of subsequent increments of the optical path difference (OPD) in a Michelson interferometer. The spectral content of the signal is encoded in the interferogram, created by the interference between an optical signal and its delayed version, and can be decoded by applying a Fourier transform. Typically, the longer the interferogram an FTS can measure, the higher the spectral resolution.
The high demand for optical spectrometers and the growing preference for portable and robust devices have together created a trend towards the miniaturization and integration of the FTS [2] . Although there exist various miniaturized Fourier transform spectrometers that still involve moving components [3] [4] [5] , it would be better to have an FTS without any moving components. Currently, integrated FTS that are implemented without any moving components can be divided mainly into two categories: the stationary wave integrated FTS (SWIFTs) [6] and the spatial heterodyne spectrometer (SHS) [7] .
In the scheme of SHS, an array of unbalanced Mach-Zehnder interferometers (MZIs) is used to generate a spatially varying interference pattern. To increase the resolution for a given spectral bandwidth, a larger number of MZIs is required [7] , implying a rapidly growing size of the device when scaling the spectral resolution. However, for applications that have less constraints on the footprint, SHS can be particularly suitable since the underlying principle allows SHS to achieve high resolution in a narrow spectral band without degrading the signal to noise ratio.
On the other hand, SWIFTs-based devices can achieve high resolution within a small footprint. In such devices, the interferogram is the standing wave pattern generated by the interference of two counter-propagating beams inside a waveguide. On top of the waveguide, nano-scatterers are carefully positioned to couple this interference pattern to a detector array. As introduced in the work of Etienne le Coarer et al [6] , the pitch of the interference pattern can be expressed as λ/(2n e f f ) which is much smaller than the pitch size of state-of-the-art photodiode arrays. As a result, the interferogram is subsampled, leading to a limitation on the spectral bandwidth of the FTS.
In this paper, we propose a new type of stationary wave integrated FTS design. Our proposed design, as a waveguide based stationary FTS, is compact and stable. Moreover, in our design, the subsampling is avoided by generating an interferogram that is spatially stretched compared to the original SWIFTs concept. This effectively helps to lift the restriction on the operation bandwidth. Our spectrometer is designed to target on-chip Raman or absorption spectroscopy applications. The envisioned bandwidth of about 100 nm is large enough to accommodate these applications. Compared to a SWIFTs, for a given device length, a lower resolution is obtained in our case. However, we demonstrate that a spectral resolution of 6 nm can be realized, which is sufficient for most applications of Raman spectroscopy and infrared absorption spectroscopy of liquids and solids. Since in on-chip Raman or infrared absorption spectroscopy the signals are collected in a single mode waveguide, the use of single mode waveguides in the spectrometer does not impair the light collection efficiency of the spectrometer.
We have developed a first prototype that is fabricated on a CMOS compatible Si 3 N 4 waveguide platform. This photonic integrated circuit (PIC) technology allows to fabricate spectrometers cost-effectively at a wafer scale with high yield. Moreover, the FTS prototype can be further integrated with a CMOS photodiode array to create a very compact, portable device.
In the following sections, we will first introduce the theoretical principles of our new device and discuss the design and simulation results. After that, we will give the first experimental results from our prototype on-chip FTS. We will discuss these preliminary experimental results and analyze the potential of our device.
Principle of the co-propagative stationary FTS
All types of Fourier transform spectrometers are based on the creation of an optical interferogram. In the co-propagative Stationary FTS that is proposed here, the interferogram is generated by the interference between two waveguide modes that propagate in the same direction but with a slightly different phase velocity. This is the origin of the name copropagative stationary FTS. A 3D representation of the structure we propose is shown in Fig. 1 . Fig. 1 . Conceptual drawing of the co-propagative stationary FTS. [9] The signal to be analyzed is first injected into the input port of a Multimode Interference (MMI) coupler which then splits the light into two parallel waveguides with different width. One can also understand this as the excitation of two supermodes in a coupled waveguide system. These two modes are predominantly confined in the left and right waveguide core and are orthogonal to each other so that there will be no energy exchange related to mode conversion along the propagation. The excited waveguide modes that propagate in the waveguides with different widths will have different phase velocities. We space the parallel waveguides in such a way that the evanescent tails of the two waveguide modes slightly overlap. In this way, the interferogram is created in the region between the two parallel waveguides. At the location where the interferogram has the best contrast, a well-designed grating with proper period is positioned in order to diffract the interferogram upwards onto the detection system, for example, a photodiode array as shown in Fig. 1 .
As an example, we consider the injection of a monochromatic signal with a wavelength λ. The intensity distribution of the interferogram I as a function of propagation distance x can be related to the optical intensity in each waveguide as
with I 1,2 the intensity of the individual waveguide mode and Δ β the propagation constant difference, which is in approximation proportional to the difference in the effective indices of the two waveguide modes Δn e f f ,
As a result, we can express the period of the interferogram as
If one compares this expression to what is found in the original SWIFTs design [6] , one can find that we are actually stretching the interferogram by a factor of 2n e f f /Δn e f f , which makes the period as large as several tens of micrometers. Consequently, it is now easy to find photodiode arrays that are commercially available and that have a pixel pitch small enough to avoid subsampling of the interferogram.
One of the key characteristics of the FTS is the spectral resolution. In our co-propagative stationary FTS, the spectral resolution is determined by the length of the single-sided interferogram that we capture. To give the expression of the resolution, we consider a single wavelength injection. The fact that the interferogram we can measure only covers a finite length L will broaden the delta-shaped spectrum in the Fourier domain into a sinc line shape,
, where f z is the spatial frequency. We define the spectral resolution, which equals to the Full Width Half Maximum (FWHM) of the sinc shape spectrum, as
In principle, one can obtain higher spectral resolution through additional data processing [8] . However, as this topic is out of scope for this paper, we will continue to use the resolution as defined by Eq. (4) in the following discussions. Now, if we for example assume an effective index difference of 0.05 at the wavelength of 800 nm, which is practical in a Si 3 N 4 rib waveguide platform, and consider a 1 cm long interferogram, we can expect a spectral resolution of 1.28 nm. According to Eq. (4), the resolution can be improved by simply making the waveguide longer and thus recording a longer interferogram.
Although Eq. (4) gives the achievable spectral resolution, other factors can also lower the resolution in practice. An important one is that as we need to constantly couple power to the detector, an exponential decay will be superimposed on the interferogram, which leads to line broadening and lower resolution. In principle, one can carefully design a grating with increasing strength to partially compensate the power decay and thus approach the resolution expressed by Eq. (4). However, in this first prototype, a uniform grating is designed which leads to a lower resolution as we will see later in the experimental results. The exponential decay superimposed on the interferogram will also degrade the dynamic range of the system, as the optical intensity of the interferogram at large OPD is reduced. To allow the system to have the same dynamic range as in a standard FTS, we will try to improve the compensation of the exponential decay in future versions of the design. Another characteristic is the operational spectral range. Since we stretch the interferogram and make its intensity oscillation period as large as a few tens of micrometers, we can fulfill Nyquist-Shannon's sampling theorem and avoid subsampling. Now the only factors that limit the bandwidth are the operation wavelength range of the detectors and the spectral range in which the waveguides remain single-mode, which is typically a few hundreds of nanometers in the Si 3 N 4 platform. In this design, the bandwidth is limited by the MMI coupler to around 100 nm which is already sufficient for some on-chip spectroscopy applications. However, in future versions of the design, we can extend the bandwidth by exploring alternative splitters [10] .
Last but not least, it is important to have a proper design of the grating that we want to position between the two parallel waveguides. Since the purpose of the grating is to diffract the interferogram onto the detector array, it determines the efficiency of the spectrometer. In the design of the first prototype, we use a standard grating, which diffracts only half of the power in the grating region upwards. However, for future versions of the design, we have learned from our ongoing research program that a carefully designed high directionality grating can diffract more than half of the power upwards and thus lead to a higher efficiency. Moreover it should have very weak reflections, minimizing contra-directional coupling between the two waveguides [11] . This will help reduce the distortions of the interferogram to be measured. The grating strength and the distances between the waveguides and the grating will together play an important role to determine the quality of the interferogram that we can measure. In Fig. 2 , we show the simulation result of the optical intensity distribution in the region between the two waveguides, assuming the injected signal is monochromatic. The blue frame in Fig. 2(a) indicates that the grating should be positioned at the region where the optical intensity of the evanescent fields of both waveguide modes have the same strength, which leads to best contrast.
Fabrication of the first prototype
To realize the first prototype of the co-propagative stationary FTS, we used the CMOS pilot line of IMEC [12] . The fabrication starts with a bare silicon wafer. In the first step, a layer of silicon dioxide is deposited using a high-density plasma (HDP) chemical vapor deposition (CVD) process. Then, on top of the 2200 nm SiO 2 layer, Si 3 N 4 is deposited using PlasmaEnhanced Chemical Vapor Deposition (PECVD). The thickness of Si 3 N 4 was chosen to be 220 nm for 780 to 900 nm wavelength operation. After that, the wafers are patterned by deep UV lithography with a shallow (110 nm) and full (220 nm) etch with the minimum feature size of 150 nm. The device design is created with the commercial design software IPKISS.flow [13] .
Scanning Electron Microscope (SEM) views of our device are shown in Fig. 3 . In Fig. 3(a) , we show the fully etched MMI, which is used to split the input signal into two wire waveguides with an equal splitting ratio (50:50). After that, the waveguides are tapered to rib waveguides with different widths in the tapering section as shown in Fig. 3(b) . A small part of the main structure, including two rib waveguides with different widths and a grating in between is shown in Fig. 3(c) with an insert sketching the cross section. The total length of the grating goes up to 7500 μm with a period of 640 nm, allowing the near-vertical diffraction for a broad wavelength range at a center wavelength of 850 nm. The overall footprint of the single co-propagative stationary FTS is very small (∼0.1 mm 2 ), offering the potential of integrating multiple FTS devices on a single Si 3 N 4 die. This could be useful for example in hyperspectral imaging with high spectral resolution.
Preliminary experiments and discussion
In the experiments, we use two lasers to provide clear input spectral features. As shown in Fig. 4(a) , the two lasers which are used in the experiments include an ultra narrow linewidth CW Ti:Sapphire laser from M2lasers (710-975 nm) and a TLB-6318 tunable laser from Newport (890-910 nm). Both are followed by a polarization controller (PC) to allow independent polarization tuning. A 50:50 combiner is then applied to combine the two lasers. After proper alignment, the signal is horizontally coupled into our device by a lensed fiber (LF). For detection, instead of using a detector array in proximity to the SiN chip to measure the interferogram, we use a microscope objective lens (OBJ) to image the interferogram onto a CCD camera. Since the imaging system, i.e. the objective lens combined with the CCD camera, has a limited field of view which is much smaller than the dimension of the interferogram, we need to scan it along the direction parallel to the grating to cover the whole interferogram. Therefore, to reconstruct the complete interferogram, we need to take several snapshots during the scanning and afterwards stitch them together. From the snapshots, we can then extract the intensity profile of the interferogram, as shown in Fig. 5(a) . From this profile, one can clearly observe an exponential decay of the interferogram as expected. In order to decode the spectral content of the injected signal from the interferogram, we use the Fast Fourier Transform (FFT) function in Matlab to process the raw data. After the Fourier transform processing, the resulting spectrum is mapped onto the wavelength axis by choosing a proper Δn e f f , i.e. the difference in effective index. With Δn e f f of 0.0376 which is not far away from the simulation value 0.0387, we can match the position of the peak with the known laser source wavelength as shown in Fig. 5(b) .
Once we know the value of Δn e f f , we can theoretically calculate the resolution to be 3.5 nm from Eq. (4). However, the FWHM of the main peak in Fig. 5(b) is measured to be around 6 nm. To investigate the broadening, we calculated the Fourier transform of a perfect sinusoidal interferogram with the same period for two cases. These perfect sinusoidal lines are shown in the inset of Fig. 5(a) for the case (in green) that there is no power decay along the length of the device and for the case (in red) where the same decay rate as in the measured interferogram is considered. The resulting spectra with the same color code are plotted in Fig. 5(c) . The theoretical 3.5 nm FWHM is observed for the green spectrum while the red one has a FWHM of 5.5 nm. This leads to the conclusion that the broadening is mainly resulting from the exponential decay that is superimposed on the sinusoidal interferogram pattern.
We also tested our device with two spectral lines. In Fig. 6 , we present two sets of experimental results, each including the stitched intensity profile of the interferogram, the calculated spectrum and one of the snapshots taken by the CCD camera. Figures 6(a) and 6(b) show the interferogram and spectrum generated by the lasers tuned to 822 nm and 900 nm while Figs. 6(c) and 6(d) are from 876 nm and 900 nm laser light.
To get the spectra shown in Fig. 6 , we followed a different procedure compared to the previous experiment. Instead of applying an FFT directly to the raw data, we first smooth the raw data using a 9-point moving average function in Matlab, which replaces the value at a certain point with the average of the values of the surrounding 9 points. After that we calculate the FFT of the smoothed data.
So far, we demonstrated the performance of our on-chip co-propagative stationary FTS in both monochromatic and polychromatic cases. The results are promising and in good agreement with the theoretical prediction. However, some unexpected small spectral features do exist in all of the spectra we obtained. The unexpected bumps can be attributed to the various distortions of the interferogram.
Part of the distortions originate in the fabrication uncertainty that is inherent to patterning small features in the grating. Fabrication defects in the grating units can lead to local changes of the diffraction strength, which generate bumps in the interferogram. To deal with this type of distortion, one can apply a smoothing function to the raw data. By comparing the spectra in Fig. 6 to the one in Fig. 5 , one can find that the side lobes are clearly suppressed after applying the smoothing function.
In order to obtain a resolution closer to the theoretical value, several approaches can be followed. One way would be to calibrate the devices after design and fabrication. Once the decay rate for a certain device is known, one can compensate and remove the decay by data processing. Recent research has demonstrated that more sophisticated data processing such as calibrating the device to correct the raw data and optimizing the Fourier Transform algorithm can significantly improve the performance of this type of FTS [14] . However, one should keep in mind that data processing will inevitably amplify the high frequency noise to some extent as the signal to noise ratio degrades at larger OPD. Therefore a better solution would come from a design point of view. For example, a carefully designed apodized grating with increasing grating strength and/or the waveguides that have decreasing separation can lead to an improved compensation of the exponential decay in future versions of the design.
Some other distortions result from our measurement method. On the one hand, since the imaging system has a certain degree of non-uniformity in magnification over the entire field of view, we observe a slightly varying pitch in the interferogram in every snapshot. On the other hand, as we are stitching several snapshots to obtain the complete interferogram, there can be some discontinuities at the stitching positions.
Besides, the current imaging system also sets a limitation on the operation bandwidth. Because of the chromatic aberration of the objective lens, we cannot focus all the light in a broad wavelength band simultaneously onto the CCD camera. In the experiments of dual-wavelength injection, we found it very hard to get a clear interferogram when the two wavelengths are separated by more than 80 nm.
In future work, we will move to proximity measurements, where we flip-chip a bare detector array chip such as a CCD line scanner chip and position it very close (<100 μm) to the silicon nitride chip that contains our device. It is obvious that in this way the distortions associated with the imaging system will no longer be there. By choosing a sensor chip with a high pixel count, we don't need to scan the interferogram, thus we avoid the distortions associated with image stitching. Some other efforts will be dedicated to the development of an optimization algorithm that can automatically correct the distortions associated with the fabrication defects.
Conclusion
In this paper, we proposed a new type of integrated stationary FTS that is based on the interference between the evanescent fields of two co-propagating waveguide modes. We tested the first prototype that is fabricated on a Si 3 N 4 waveguide platform with CMOS compatible technologies. The preliminary experimental results for both monochromatic and polychromatic operation are presented and are in good agreement with the theoretical expectations. We also discussed the problems of the current prototype and measurement set-up, which provides guidelines to further improve the performance of our device. Nevertheless, we believe that the co-propagative stationary FTS we proposed in this paper can be a promising candidate for a compact and robust on-chip spectrometer since it provides moderately high resolution over a broad wavelength range in a very small area without any moving components. Although the prototype demonstrated in this paper is designed for the operation in the near infrared region, this FTS can also be designed for other wavelength windows that sit in the transparency wavelength range of the waveguide. Taking into account all its unique properties, we believe that our proposed co-propagative stationary FTS is suitable for further integration into various lab-on-a-chip systems such as on-chip Raman or absorption spectroscopy systems [15, 16] .
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